Ecosystem respiration is important because it is the small imbalances between CO 2 uptake via photosynthesis and CO 2 release by ecosystem respiration that determine the effect of the biosphere on atmospheric CO 2 . For subalpine grasslands with mild winters we do not know the size of under-snow respiration relative to the total annual ecosystem respiration. This study determines the contribution of respiration through snow to total annual respiration, and models annual ecosystem respiration based on relationships with soil temperature and water content. Measurements were made monthly for two years in an unmanaged subalpine grassland in the Snowy Mountains of Australia. The vegetation is sparse (aboveground mass
Introduction
Net ecosystem exchange of CO 2 is determined by the balance between carbon uptake via photosynthesis and carbon loss via ecosystem respiration. Ecosystem respiration is important because it is the small imbalances between CO 2 uptake via photosynthesis and CO 2 release by ecosystem respiration that determine the effect of the biosphere on atmospheric [CO2] . Moreover, in many ecosystems it is ecosystem respiration that determines whether an ecosystem is a net source or sink for CO 2 (Cox et al., 2000; Janssens et al., 2001 ). This may be because abiotic factors (temperature, rainfall, etc.) have a larger effect on ecosystem respiration than gross primary productivity Morgenstern et al., 2004) , although this is not necessarily always the case (Xia et al., 2009) and there is generally a close linkage between photosynthesis and soil respiration (Ekblad and Hö gberg, 2001) .
Cool winter temperatures and snow are characteristics of many subalpine grasslands, but for subalpine grasslands in regions with mild winters we have little idea of the significance of ecosystem respiration over winter. From measurements in ecosystems with colder and longer winters there is substantial evidence that respiration continues beneath snow and this may be a significant contributor to annual C balance (Sommerfeld et al., 1993; Monson et al., 2006a Monson et al., , 2006b Larsen et al., 2007) . Measured instantaneous rates of CO 2 efflux for snow-covered ecosystems have been as slow as 0.02 mmol CO 2 m 22 s 21 in an arctic tundra (Jones et al., 1999) to much faster rates of 0.71-0.86 mmol CO 2 m 22 s 21 in a subalpine meadow (Liptzin et al., 2009 ) and 0.77 mmol CO 2 m 22 s 21 in a temperate conifer forest (McDowell et al., 2000) .
The percentage of annual flux during the snow-covered season varies among studies from as little as 10-15% in cool-temperate deciduous forests in Japan (Mariko et al., 2000; Mo et al., 2005) and coniferous subalpine forest in Austria (Schindlbacher et al., 2007) , to as much as 50% in tundra forest in Russia (Zimov et al., 1996) . These trends among sites in the quantitative significance of respiration beneath snow suggest that the length of the snowcovered season would appear to be one of the main determinants of the percentage of annual flux during the snow-covered season. The primary effect of snow on ecosystem respiration over winter is an indirect effect mediated by soil temperature. This is because snow insulates the soil (and low-statured plants such as grasses) against air temperatures (Monson et al., 2006b; Schindlbacher et al., 2007) . Thus during winter months, snow moderates diurnal fluctuations in soil temperature and may eliminate freezethaw cycles (Larsen et al., 2007) and associated fluctuations in soil respiration (Schimel and Clein, 1996) . During the beginning and middle of the snow-covered season, snow tends to keep soil warmer and respiration rates faster than would otherwise be the case, whereas in spring snow may keep the soil cooler and respiration rates slower than snow-free sites (Larsen et al., 2007) .
Much of the research on respiration beneath snow has focused on high-latitude and/or high-altitude ecosystems of the northern hemisphere with mean winter air temperatures that are significantly below freezing (McDowell et al., 2000) . We currently have no data on ecosystem respiration under snow for temperate subalpine C3 grasslands. In temperate grasslands, mean winter air temperatures are close to zero and thus snow may not cause a Arctic, Antarctic, and Alpine Research, Vol. 43, No. 1, 2011, pp. 137-146 E 2011 Regents of the University of Colorado C. R. WARREN AND M. T. TARANTO / 137 1523-0430/11 $7.00 large difference, on average, between air and soil temperaturesdespite the insulating effect of snow buffering soil against large diurnal fluctuations in air temperature. It is also unclear if respiration beneath snow is also a major contributor to annual respiration given the short period of snow-cover in temperate grasslands.
This study quantifies ecosystem respiration in a temperate subalpine grassland in the Snowy Mountains of Australia. The vegetation is sparse and dominated by native perennial C3 grasses and sedges. Our aims were to determine the contribution of respiration through snow to total annual respiration. To meet this aim we measured ecosystem respiration every month for two years during the snow-free season and twice a year for two years during the snow-covered season. The effect of snow and respiration at low temperatures are of particular interest in the Snowy Mountains given that climate change projections for the region are for 0.2 to 1.0 uC increases in annual temperature by 2020, accompanied by a 5-30 day decrease in the duration of snow cover (Hennessy et al., 2003 (Hennessy et al., , 2008 .
Materials and Methods

STUDY SITE
This study was conducted in a subalpine grassland in the Snowy Mountains of Australia (36u069S; 148u329E) at altitudes from 1500-1650 meters above sea level. The mean annual daily maximum temperature is 13 uC, while the mean annual daily minimum is 0.5 uC. Annual precipitation is in the order of 1200 mm. Snow depth and duration have not been scientifically quantified at the field site, but long-term observations suggest the mean duration of snow cover is 2-3 months, though this varies among years (e.g. from 10 days in 2006, to 3-4 months in 2000). The vegetation in the region is a mosaic of grassland, woodland with grassy understory, and woodland with shrubby understory.
All measurements in this study were made on subalpine grassland dominated by native perennial C3 grasses and sedges. The dominant C3 grasses are Poa costiniana (bog snow-grass) and Poa hiemata (soft snow-grass), which together have a cover abundance of approximately 50%. Less abundant C3 grasses include Austrodanthonia alpicola (crag wallaby-grass) and Austrostipa nivicola (alpine spear-grass). Common C3 sedges include Carex incomitata (hillside sedge) and to a lesser extent Carex breviculmis (common sedge-grass). During spring, summer, and autumn of the 2008/2009 season we quantified aboveground mass of plant material from destructive harvests of six replicate 100-cm 2 temporary plots, while belowground mass was determined from replicate 5-cm-diameter soil cores taken to a depth of 30 cm. The soil is a humic umbrosol (World Reference Base) derived from Silurian Mowomba granodiorite (approximately 433 6 1.5 million years). Additional details on the soil can be found in Warren and Taranto (2010) .
A weather station was established at the field site in May 2007 (4 months after the first measurements of CO 2 efflux). Volumetric soil water content was measured at depths of 30, 10, and 5 cm with a standing wave probe (MP 406, ICT International, Armidale, Australia), and soil temperature was measured at the same depths with a type-T thermocouple. Data were stored as half-hourly averages on a data logger (Smart Logger, ICT International). Continuous and unbroken water content data were available, but there were several periods in which soil temperature data were unavailable. Where possible, data were filled based on relationships with soil temperature measured at another depth. In cases where data were unavailable for several months, they are not presented. The duration of snow cover was determined from soil temperature at 5 cm and checked by direct observation.
MEASUREMENT OF ECOSYSTEM RESPIRATION
Measurements of ecosystem respiration were made approximately every month from February 2007 to May 2009. Measurements were less frequent in winter because roads were not cleared of snow and thus vehicular access was impossible. Nevertheless, in both years there were two measurement campaigns during the snow-covered periods. Different experimental designs (and respiration systems) were used in the snow-free and snow-covered periods.
During the snow-free period, measurements were made at 6 (or in some cases 9) permanently installed collars. Collars were distributed over an area of approximately 1 km 2 . At each of the collars we measured respiration before dawn, between 11 a.m. (11:00) and 2 p.m. (14:00), and after dusk because of the possibility of diurnal variation in respiration. In approximately one-third of cases we had to omit pre-dawn measurements due to condensation or poor weather affecting gas exchange measurements. A custombuilt closed gas exchange system with an area of 3600 cm 2 was used during the snow-free period so as to maximize the measurement area and 'signal' due to respiration (Fig. 1) . The system comprised a 600 3 600 3 600 mm Perspex box covered in double-sided reflective insulation that fitted inside stainless steel collars made of 25 3 25 mm stainless steel angle that were driven into the ground 10-20 mm. The Perspex box was sufficiently tall to completely enclose but not disturb the low-statured vegetation (height typically ,30 cm). The collars caused minimal disturbance to soils, plants, and microclimate because of their small size and very low profile. To make measurements, an open-path IRGA (LI-7500, Li-Cor Inc., Lincoln, Nebraska, U.S.A.) attached to a metal spike was inserted into the center of the measurement plot and a separate metal spike with a fan was inserted midway between the LI-7500 and edge of the frame. Then the Perspex box was interfaced with the metal collar and left there for the duration of the measurement (30-90 seconds depending on rates of efflux). The metal spike that held the LI-7500 also held a type-T thermocouple, while a separate metal spike held a small computer fan to ensure adequate mixing. The metal spike with LI-7500 was always inserted into the same hole to minimize disturbance, but this was not necessary with the other metal spike because its very narrow diameter of 2.0 mm resulted in negligible disturbance. Data were collected as 1-second averages on a datalogger (CR800, Campbell Scientific, Logan, Utah, U.S.A.). The system was ventilated to avoid pressure gradients by way of a 1-cm-diameter semicircular hole at the base of the Perspex box that also served as the entry point for communication and power cables. Preliminary measurements and leak checking with elevated CO 2 showed that this ventilation hole did not permit entry of external air. The difficulty of accessing the site over winter necessitated use of a smaller more portable system, in our case a LI-8100 (Li-Cor Inc., Lincoln, Nebraska, U.S.A.) with a 20-cm-diameter chamber and 'snowshoe' to allow measurement of CO 2 efflux directly from the snow surface (McDowell et al., 2000) . The 20-cm-diameter chamber of the LI-8100 chamber has pressure vents to prevent pressure gradients. We did not use permanent collars or make diurnal measurements. Instead, measurements were made 2-3 times between 10 a.m. (10:00) and 3 p.m. (15:00) at each of 6 to 9 randomly chosen locations in the general vicinity of the permanent collars. Diurnal measurements were not made over winter due to logistic difficulties. We do not regard this as a limitation because there should be minimal diurnal variation in respiration because the insulating snow cover largely eliminates diurnal variation in plant and soil temperature. To make measurements, the chamber of the LI-8100 was seated on top of a 20-cm-diameter collar of PVC pipe that was built into a 30 cm 3 50 cm snowshoe of heavy plastic mesh (akin to the design of McDowell et al., 2000) . The snowshoe was necessary to minimize disturbance of the snow surface and spread the LI-8100 chamber's weight over a large area. To further reduce changes in through-snow gas diffusion, human disturbance of snow was minimized by wearing cross country skis and not getting closer than 0.6 m to the chamber. Respiration measurements were made using normal protocols for the LI-8100 instrument, viz., maximum flow rate, 120-second chamber closure.
Calculations of rates of CO 2 efflux were similar for the two gas exchange systems. In both systems CO 2 efflux was corrected for dilution by water vapor, a 10-30 second ''dead-band'' was applied until mixing was achieved, and efflux was estimated from the initial rate of CO 2 increase as a function of time. Note that linear regression was not used in either system because CO 2 efflux decreases over time and there is no ''linear portion.'' This nonlinearity arises because the rise in chamber CO 2 serves to decrease the diffusional flux of CO 2 from soil (Davidson et al., 2002) . Comparison of linear and initial (i.e. non-linear) estimates showed that linear regression underestimates CO 2 efflux by 3-6%. In the case of the LI-8100, CO 2 efflux was calculated using a 15-to 30-second dead band (determined visually) and the manufacturer's standard non-linear equations. With the custom 60 3 60 cm system, the dead band was determined visually (typically 10-20 seconds) and then second-order polynomials were fitted to CO 2 and H 2 O concentrations as a function of time for 30-45 seconds (mean R 2 for CO 2 and H 2 O 5 0.98, n 5 715). Instantaneous rates of change were calculated as derivatives of the second-order polynomial fits. The correction of CO 2 efflux for dilution by water vapor was calculated as the dry CO 2 concentration multiplied by the rate of evapotranspiration. Data from the two gas exchange systems are considered to be directly comparable given that they were calculated similarly (i.e. both were corrected for evapotranspiration and are based on initial rates of change). Furthermore, in both systems the increase in CO 2 concentrations inside the chamber during measurements was similarly small (generally 5-10 mmol mol 21 using the LI-8100 for a 2-minute measurement during winter, and 5-15 mmol mol 21 using the custom chamber for a 30-45 second measurement during summer). The similarity of the two systems is supported by side-by-side comparison of the two gas exchange systems in summer, when fluxes were large, and late autumn, when fluxes were small. In both tests, CO 2 efflux did not differ between systems (C. Warren, unpublished data).
EFFECT OF SNOW ON CO 2 EFFLUX AT SATELLITE SITES
Additional measurements were made at a satellite field site to investigate the effect of spatial variation in snow cover on CO 2 efflux. At the satellite sites we used the same LI-8100 system at snow-free and snow-covered sites, thereby eliminating the possibility that the effect of snow is due to use of different chambers. At the satellite site, which was 2 km from the main field site, there was large spatial variation in snow depth, and the pattern of snowmelt due to the presence of scattered trees 30-50 m upwind. This meant that during the spring snow melt it was possible to measure CO 2 efflux of sites with 30 cm of snow and contrast these with snow-free sites only 20 m away. CO 2 efflux and soil temperature were measured at 6 snow-covered and 6 snow-free locations over two days during September 2007. To measure soil temperature under snow it was necessary to dig a small hole in the snow to insert the LI-8100's thermocouple probe. This was not done until after CO 2 efflux had been measured so as to minimize possible effects on gas diffusion and efflux estimates.
STATISTICS
To enable annual modeling of CO 2 efflux we related individual measurements of CO 2 efflux to the nearest half-hour FIGURE 1. Schematic diagram of the custom-built closed gas exchange system used for measuring CO 2 efflux during the snow-free period. Diagram is not to scale and some details have been omitted for clarity.
average of soil temperature and/or water content. Stepwise regression was used to find the best subset of predictors. It was necessary to natural log transform the CO 2 efflux to avoid problems with heteroscedasticity. Data were stratified according to soil temperature at 5 cm owing to different temperature responses above and below 2 uC. The 2 uC threshold approximately coincides with the presence/absence of snow, but the threshold was determined a posteriori based on the measured temperature response (see results). The best model was: ), T 5 is daily average soil temperature at 5 cm (uC), T 10 is daily average soil temperature at 10 cm (uC), water 30 is daily average volumetric water content at 30 cm. Equations (1) and (2) and the continuous records of daily average soil temperature and soil water content were used to estimate daily CO 2 efflux. Daily CO 2 efflux was summed to obtain annual CO 2 efflux.
To examine if there was diurnal variation in rates of CO 2 efflux we used an ANOVA comparing pre-dawn, mid-day, and post-dusk measurements. Temporal variation in dry mass was also examined with ANOVA. All statistics were performed with SPSS (release 16.0.1, SPSS Inc., Chicago, Illinois, U.S.A.).
Results
PLANT DRY MASS AND CLIMATE
Aboveground dry mass of plants varied from a minimum of 355 6 70 g m 22 (mean 6 SE, n 5 6) in spring to a maximum of 605 6 58 g m 22 in summer. Belowground dry mass of plants varied from a minimum of 570 6 36 g m 22 in spring to a maximum of 1010 6 110 g m 22 in summer. For both above-and belowground material, dry mass increased from spring to summer and then decreased in autumn. Dry mass was not quantified during winter, but we know from observations of grasses and sedges immediately following snowmelt that they survive underneath snow cover (i.e. there is likely substantial dry mass during winter). Over the two seasons for which weather data were available, the absolute maximum air temperature was 31 uC while the absolute minimum was 213 uC (Fig. 2) . Air temperature at the site was characterized by a distinct seasonality and large variation between days. Daily minima were below freezing for 9-10 months of the year, whereas daily maxima generally remained above zero (3 days with subzero maxima in 2007, 4 days with subzero maxima in 2008). There were 60 days of snow cover in 2007 and 68 in 2008. In both years the maximum snow depth was around 40 cm (C. Warren, personal observation).
Soil temperatures followed a similar annual pattern as air temperature (Fig. 2) . During the periods of snow cover there was ,0.4 uC diurnal variation in soil temperature at 5 cm, whereas in the snow-free periods soil temperature at 5 cm varied diurnally by up to 25 uC (data not shown). Soil water content was consistently 30-40% (volumetric) from April to October, whereas from early November to late March there were several periods when liquid water content was reduced to 10% or less (Fig. 2) . In general (Table 1) .
SEASONAL VARIATION IN ECOSYSTEM RESPIRATION
There was no evidence for diurnal variation in ecosystem respiration (CO 2 efflux at pre-dawn vs. mid-day vs. post-dusk, ANOVA; F (2, 656) 5 2.52; P 5 0.08), and thus all data are subsequently presented as daily averages. CO 2 efflux varied seasonally in the same way as soil temperatures (compare Figs. 2  and 3 ). The maximum CO 2 efflux of 6-7 mmol CO 2 m 22 s 21 was measured during summer. In winter under snow cover, CO 2 efflux was 0.7 to 0.9 mmol CO 2 m 22 s 21 on three of the measurement campaigns, while on one measurement campaign CO 2 efflux was considerably slower at 0.2 mmol CO 2 m 22 s
21
. The over-winter FIGURE 2. Daily average air temperature (T air ), soil temperature (T soil ), and soil water content (water soil ) measured for 2 years at a subalpine grassland in the Snowy Mountains. The shaded area denotes the period of permanent snow cover (as indicated by patterns of soil temperature and confirmed by direct observation). Data were collected as half-hourly averages. Soil temperature and water content were measured at depths of 5, 10, and 30 cm, but 10 cm has been omitted for clarity. Note that soil temperature data at 30 cm are missing for some periods.
campaign with slow efflux was at the end of a cold week (air temperature minima from 28 to 211 uC) and was characterized by the coldest daily mean soil temperature at 5 cm of 0.43 uC.
Stepwise regression was used to model daily average CO 2 efflux based on daily averages of soil temperature and water content. Ecosystem respiration was positively related to temperature (Fig. 4) . At temperatures ,2 uC, the temperature response of CO 2 efflux was steeper than the response at warmer temperatures. This is supported by the observation that models of annual ecosystem respiration with a single temperature response function overestimated ecosystem respiration at temperatures less than 2 uC (dashed line in Fig. 3 ). In contrast, models with separate temperature response functions ($2 uC vs. ,2 uC) were closer to measured ecosystem respiration over winter (solid line in Fig. 3 (Figs. 2 and 3) . Measured and modeled rates of CO 2 efflux under snow cover were roughly 20 times slower than peak rates during summer (Table 2 ), yet still made a significant contribution to annual CO 2 efflux. In 2007 there were 60 days of snow cover (16% of the year) and this contributed 4.1% of annual CO 2 efflux; in 2008 there were 68 days of snow cover (18% of the year) and this contributed 4.3% of annual CO 2 efflux. The model with a single temperature response function led to larger estimates of the proportion of CO 2 efflux under snow cover, but these were still a small fraction of annual efflux (5.9% in 2008, 7.1% in 2009). The sharp approximate 3 uC rise in soil temperature upon snowmelt (Fig. 2) led to a twofold increase in modeled CO 2 efflux (Fig. 3) .
EFFECT OF SNOW ON CO 2 EFFLUX AT A SATELLITE FIELD SITE
Additional field measurements at a satellite site were made to investigate further the predicted sharp rise in temperature and CO 2 efflux upon snow melt. CO 2 efflux was measured at sites with 30 cm of snow and contrasted with nearby snow-free sites. To eliminate the possibility that differences between snow-free and snow-covered measurements reflect different gas exchange systems, at the satellite sites we quantified CO 2 efflux with the LI-8100 gas exchange system. Observations suggested snow at the snow-free sites had melted 5-10 days earlier. Soil at the snowcovered sites (0.83 6 0.02 uC; mean 6 SE, n 5 6) was significantly cooler than at the snow-free sites (1.6 6 0.2 uC; mean 6 SE, n 5 6). CO 2 efflux at the snow-covered sites (0.63 6 0.04 mmol CO 2 m 22 s
21
; mean 6 SE, n 5 6) was approximately half the rate of CO 2 efflux at the snow-free sites (1.3 6 0.1 mmol CO 2 m 22 s 21 ; mean 6 SE, n 5 6).
Discussion
HOW DOES ECOSYSTEM RESPIRATION IN A SUBALPINE GRASSLAND COMPARE WITH OTHER ECOSYSTEMS?
Measured and modeled maximum rates of ecosystem respiration in this study were broadly similar to those reported from other temperate C3 grasslands. In this study the maximum average daily ecosystem respiration that was measured was around 7 mmol CO 2 m 22 s
21
, while the model predicted rates as high as 8 mmol CO 2 m 22 s 21 during brief warm periods with Annual averages of soil temperature and soil water content for the 2007/2008 and 2008/2009 seasons. Soil temperature data are shown for 10 cm (T soil10cm ) and 5 cm (T soil5cm ). Data were also collected at 30 cm but averages could not be calculated due to lengthy periods of missing data. The volumetric water content of soil was measured at 30 cm (water 30cm ), 10 cm (water 10cm ) and 5 cm (water 5cm ). FIGURE 3. Daily average CO 2 efflux measured at a subalpine grassland. During the snow-free period, CO 2 efflux was measured at each of 6 (or 9) permanent collars on a minimum three occasions per day: before dawn, between 11 a.m. (11:00) and 2 p.m. (14:00), and after dusk (n = 3-6 per day). Measurements of over-snow CO 2 efflux were made 3 or 4 times between 10 a.m. (10:00) and 3 p.m.
(15:00) at each of 6 randomly chosen locations in the vicinity of the permanent soil collars. Error bars are SE. The solid line is the modeled daily average of CO 2 efflux calculated from equations (1) and (2) reported for a warm temperate C3 grassland (Novick et al., 2004) , but several times greater than the 2.5-3 Mg C ha 21 yr 21 reported for a cool temperate grassland in Canada (Flanagan et al., 2002 ). An emerging trend from the literature is that ecosystem respiration is highly sensitive to interannual variability in climate (e.g. Flanagan et al., 2002; Nagy et al., 2007) . For example, in a managed grassland in Hungary ecosystem respiration was 30% greater in a wet year than a dry year , while ecosystem respiration was 50% greater in wet than dry years in grasslands in Canada (Flanagan et al., 2002; Flanagan and Johnson, 2005) and China (Xia et al., 2009) . In the present study, ecosystem respiration was around 15% greater in the (comparatively) warm and wet 2007/2008 season than in the cooler and dryer 2008/2009 season. These large interannual differences in ecosystem respiration may have important implications for ecosystem C balance (Flanagan et al., 2002; Hunt et al., 2004) . For example, variation in ecosystem respiration was at least partially responsible for a temperate grassland in New Zealand switching between being a net source of CO 2 in a dry year to a net sink in a wet year (Hunt et al., 2004) , and similar results have been reported from other grasslands (Sims and Bradford, 2001; Flanagan et al., 2002) and forests (e.g. van Gorsel et al., 2008) .
There was no evidence for diurnal variation in ecosystem respiration at our temperate grassland, which is at odds with results from some studies. For example, Flanagan and Johnson (2005) , working in a temperate grassland, found that ecosystem respiration was approximately twice as fast in the early afternoon as at night. Such diurnal variation may be related to diurnal variation in temperature and/or photosynthate production (Craine et al., 1998) . The absence of diurnal variation in our study may be because the bulk of ecosystem respiration is from soil respiration (e.g. 85% in a similarly sparse temperate grassland [Hunt et al., 2004] ), and soil respiration is somewhat decoupled from air temperature due to the large thermal mass of soil and distribution of roots and microbes across a range of depths.
Ecosystem respiration was positively related to temperature (Fig. 4) , as has been observed in numerous other studies (Flanagan and Johnson, 2005; ). An interesting aspect of the temperature response is that ecosystem respiration was more temperature sensitive at temperatures between 0 and 2 uC than at warmer temperatures (Fig. 4) . The limited range of soil temperature measurements below 2 uC and (relatively) poorer precision of measurement is problematic, yet it is doubtful that this led to the anomalously high temperature sensitivity given that similarly high temperature sensitivity has been observed in studies using different techniques and with larger temperature ranges (Mikan et al., 2002; Elberling and Brandt, 2003; Ö quist et al., 2009) . It seems improbable that the explanation is due to partial freezing and water limitation (Ö quist et al., 2009) given that soil temperature at 5 cm was never below 0 uC. The cause may instead be related to changing patterns of substrate use and/or microbial populations FIGURE 4. The response of CO 2 efflux to temperature of soil at 5 cm. CO 2 efflux was measured approximately every month for 2 years at a subalpine grassland in the Snowy Mountains. Data are individual measurements.
TABLE 2
Modeled CO 2 efflux on an annual basis and for the snow-covered periods. CO 2 efflux was modeled from continuous measurements of soil temperature and water content using equations (1) (e.g. Schadt et al., 2003; Schimel and Mikan, 2005; Schmidt et al., 2009) , but this remains to be tested.
ECOSYSTEM RESPIRATION BENEATH SNOW
Significant ecosystem respiration was measured under snow (Table 2, Fig. 3 ), which is consistent with a growing body of evidence that respiration continues beneath snow (Sommerfeld et al., 1993; Zimov et al., 1996; Jones et al., 1999; Mariko et al., 2000; McDowell et al., 2000; Grogan et al., 2001; Grogan and Jonasson, 2005; Mo et al., 2005; Monson et al., 2006a Monson et al., , 2006b Larsen et al., 2007; Liptzin et al., 2009) . Measured rates of ecosystem respiration under snow were between 0.2 and 0.9 mmol CO 2 m 22 s
21
, which spans most of the previously reported range for soil respiration under snow (Jones et al., 1999; McDowell et al., 2000; Hubbard et al., 2005; Monson et al., 2006a; Liptzin et al., 2009) .
While rates of respiration under snow were similar to previous reports, under-snow respiration was a smaller fraction of annual respiration than previously reported. In alpine and subalpine ecosystems of the northern hemisphere, under-snow respiration is commonly 10-20% of annual respiration (Brooks et al., 1996 (Brooks et al., , 1997 Mariko et al., 2000; McDowell et al., 2000; Mo et al., 2005; Monson et al., 2006a; Schindlbacher et al., 2007) , but may be as high as 30% (subalpine meadow in Colorado [Liptzin et al., 2009] ), or even 50% (tundra forest in Russia [Zimov et al., 1996] ). In the present study, under-snow ecosystem respiration was estimated to be 4.1-4.3% of annual ecosystem respiration using a model with two temperature response functions (Table 2) or 5.9-7.1% using one temperature response function (data not shown). Hence, under-snow respiration is a small fraction of annual respiration irrespective of how it is modeled. The primary reason that under-snow respiration is a smaller fraction of annual respiration is that the duration of snow cover (60-68 days in the two years of this study) is shorter than in previous studies.
At the temperate grassland with its mild winters the presence of snow had a modest effect on average soil temperatures. For example, average daily air temperatures during mid-winter were around 0 uC while soil temperature at 5 cm were somewhat warmer at 0.5-2 uC, while in the 10 days before snowmelt daily air temperature was 1.7 uC and soil temperature was 1.3 uC. By inference, the effect of snow would increase respiration over winter, but reduce it in spring. This is supported by the dramatic increases in soil temperature and ecosystem respiration when snow melts (Figs. 2 and 3) , and results from the satellite site which showed areas with delayed snowmelt had slower ecosystem respiration than snow-free sites. What is likely more important than the modest effect of snow on average soil temperatures is that snow eliminated freeze-thaw cycles (Larsen et al., 2007) and associated fluctuations in soil respiration (Schimel and Clein, 1996) , which would otherwise occur almost nightly during winter.
CLIMATE CHANGE
Climate change projections for the Snowy Mountains of Australia are for increases in annual temperature by 2020 of 0.2 to 1.0 uC and a decrease in snow cover of 5 to 30 days (Hennessy et al., 2003 (Hennessy et al., , 2008 . These climate change projections are supported by historical analyses of snow depth at four alpine sites from 1957 to 2002 that indicated we have already experienced a decline in maximum snow depths at 3 (of 4) sites and a moderate decline in mid-to late-season snow depth (August to September). These trends probably reflect mid-to late-season snow depth being determined by temperature-dependent ablation (melt and evaporation), whereas the depth of early-season snow is determined by precipitation (Hennessy et al., 2003 (Hennessy et al., , 2008 . Irrespective of the size of changes and their cause, decreases in the duration of snow cover will affect ecosystem respiration. The presence/absence of snow will have a rather modest effect on daily average soil temperatures due to mild winter temperatures. The most significant effect of decreased duration of snow cover would be an increase in freezethaw cycles and greater day-to-day variability in temperature. Increased freeze-thaw cycles would probably increase ecosystem respiration (Schimel and Clein, 1996) .
LIMITATIONS OF THE STUDY
Quantifying CO 2 efflux from snow-covered surfaces with chamber methods (e.g. this study; Mariko et al., 2000; McDowell et al., 2000; Grogan et al., 2001; Grogan and Jonasson, 2005; Mo et al., 2005; Larsen et al., 2007; Schindlbacher et al., 2007) suffers from all of the problems that afflict conventional measurements of respiration from snow-free surfaces (e.g. Davidson et al., 2002) . However, these problems are compounded by slow fluxes and the complication of diffusion of CO 2 through snow. In some studies snow has been removed and respiration measured directly on the soil surface (e.g. McDowell et al., 2000; Grogan et al., 2001; Grogan and Jonasson, 2005; Larsen et al., 2007) , whereas in the present study and others respiration has been measured from the snow surface with minimal disturbance of the snow profile (e.g. McDowell et al., 2000; Mo et al., 2005; Schindlbacher et al., 2007) . Measurements involving snow removal tend to overestimate CO 2 efflux due to lateral diffusion of CO 2 into the excavation pit (McDowell et al., 2000) , while measurements from the snow surface may underestimate CO 2 efflux if there are ice layers that impede diffusion of CO 2 . Given that we made measurements from the soil surface it is possible that CO 2 efflux was underestimated, though the extent of this problem is unknown and cannot be determined without use of multiple independent methods.
We minimized the problem of CO 2 building up in the chamber headspace and affecting diffusion gradients (as discussed by Schindlbacher et al., 2007) primarily by use of a non-linear model to estimate the initial rate of efflux (see materials and methods) and also by keeping the duration of measurements short so that CO 2 concentration never increased by more than 10 mmol mol
21
. We also ensured accurate estimation of CO 2 efflux by quantifying the flux of H 2 O vapor and correcting for its dilution of CO 2 . Analyses of a subset of data showed that FIGURE 5. The relationship between daily average CO 2 efflux modeled from equations (1) and (2) and measured daily average CO 2 efflux. See Figure 3 and Materials and Methods section of the text for further details.
calculation of CO 2 efflux with a linear model underestimated true CO 2 efflux (i.e. non-linear initial efflux) by 3-6%, while CO 2 efflux was underestimated by another 2-10% if the correction for dilution by H 2 O was omitted. Hence, calculated CO 2 efflux may vary by as much as 15% depending on assumptions made during calculations.
CO 2 efflux from snow-covered surfaces has been measured in other ecosystems by the largely independent method of quantifying the gradient in CO 2 concentration through the snow pack (e.g. Sommerfeld et al., 1993; Zimov et al., 1996; McDowell et al., 2000; Schindlbacher et al., 2007) . We did not attempt diffusional estimates of CO 2 efflux at our field site because mild winter temperatures, frequent freeze-thaw cycles, and occasional rain result in a highly layered snow pack. As a consequence, the diffusional method would require measurements of CO 2 concentration and snow properties at higher spatial resolution than was feasible. Nevertheless, studies in other ecosystems (presumably with different snow conditions) have reported strong relationships between chamber and diffusional estimates of CO 2 efflux, which lends qualified support to the accuracy of data. Unfortunately, the precise relationship between diffusional and chamber estimates of CO 2 efflux differ among studies so it is not possible to apply a ''correction factor'' to convert between methods. In some studies diffusional estimates of CO 2 efflux have been higher than estimates from chambers (Mast et al., 1998; Schindlbacher et al., 2007) ; in another study diffusional and chamber estimates were similar (McDowell et al., 2000) . This inconsistency among studies almost certainly reflects differences between studies in snow conditions, apparatus, and assumptions that bias comparisons between methods.
A major limitation of our study is the limited temporal resolution of measurements, especially over the winter months in which we had only two snow-covered measurements per year (Fig. 3) . As a consequence, we have little information on the temporal pattern of CO 2 efflux over winter (e.g. Liptzin et al., 2009 ) and this may have biased estimates of CO 2 efflux over winter. During the snow-free months our measurements may not have captured respiration pulses that occur following rainfall (Jarvis et al., 2007) . However, we do not believe respiration pulses during the snow-free months would have a large effect on estimates of annual CO 2 efflux given that an irrigation experiment at the same sites found that respiration rates were tripled by irrigation but for 24 hours only (C. Warren and M. Taranto, unpublished data) .
Conclusions
Studies from cold northern hemisphere ecosystems have highlighted the role of snow in keeping soils (and low-statured plants) warm over winter and permitting relatively fast rates of respiration (Sommerfeld et al., 1993; Monson et al., 2006a Monson et al., , 2006b ). The present study adds a useful extra dimension by showing that in a region with a mild winter there is also quantifiable ecosystem respiration underneath snow. A point of difference among ecosystems is that the contribution of under-snow respiration to total annual respiration varies enormously. At our rather mild site with a short duration of snow cover, under-snow ecosystem respiration was 4.1-4.3% of annual ecosystem respiration, which is less than the 10-50% reported for ecosystems with longer winters. These trends in the quantitative significance of under-snow respiration are consistent with the idea that under-snow respiration is more important in areas with a longer duration of snow cover.
